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PaleodietFossils of megaherbivores from eight late Pleistocene 14C- and OSL-dated doline inﬁllings of Ajoie (NW
Switzerland) were discovered along the Transjurane highway in the Swiss Jura. Carbon and oxygen analyses of
enamel were performed on forty-six teeth of large mammals (Equus germanicus, Mammuthus primigenius,
Coelodonta antiquitatis, and Bison priscus), coming from one doline in Boncourt (~80 ka, marine oxygen isotope
stage MIS5a) and seven in Courtedoux (51–27 ka, late MIS3), in order to reconstruct the paleoclimatic and
paleoenvironmental conditions of the region. Similar enamel δ13C values for both periods, ranging from−14.5
to−9.2‰, indicate that the megaherbivores lived in a C3 plant-dominated environment. Enamel δ18OPO4 values
range from 10.9 to 16.3‰ with a mean of 13.5 ± 1.0‰ (n = 46). Mean air temperatures (MATs) were inferred
using species-speciﬁc δ18OPO4–δ18OH2O-calibrations for modern mammals and a present-day precipitation
δ18OH2O-MAT relation for Switzerland. Similar average MATs of 6.6 ± 3.6°C for the deposits dated to ~80 ka
and 6.5 ± 3.3°C for those dated to the interval 51–27 ka were estimated. This suggests that these mammals in
the Ajoie area lived in mild periods of the late Pleistocene with MATs only about 2.5°C lower than modern-day
temperatures.
© 2014 University of Washington. Published by Elsevier Inc. All rights reserved.Introduction
Climate conditions are reﬂected in the taxonomic composition of the
mammal faunas (e.g., Brugal and Croitor, 2007), aswell as in the oxygen
isotope composition of mammalian bones and teeth (e.g., Koch, 1998).
Therefore, Pleistocene mammal assemblages are of special interest for
paleoclimatic reconstruction, as Quaternary climates repeatedly shifted
from cold to warm temperatures over short periods of time (Zachos
et al., 2001). The Middle Pleniglacial (Marine Oxygen Isotope Stage
(MIS) 3) usually considered as amega-interstadial with several warmer
and cooler intervals (Van Andel and Davies, 2003), was the warmest
part of the Weichselian (~115 to 11.7 ka; MIS5 to MIS2). According to
data obtained fromWestern Europe, the ﬁnal part of MIS3 corresponds
to the Hengelo, Huneborg and Denekamp interstadials (“glacial inter-
stadials” GI11 to GI5), which roughly preceded the Last Glacial Maxi-
mum of the Late Pleniglacial (Johnsen et al., 1997; Markova et al.,
2009). These interstadials are typically recorded in the sequence of
inﬁllings of the dolines in Ajoie (NW Switzerland), comprising many
fossils of large mammals from the so-called Mammoth Steppe faunaherler), tuetken@uni-mainz.de
y Elsevier Inc. All rights reserved.
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search (2014), http://dx.doi.o(or the late Pleistocene Mammuthus–Coelodonta faunal complex;
Kahlke, 1999). These fossils yield important information about environ-
mental and climatic conditions of this time interval, even thoughminor
climatic changes such as interstadials did not drastically change the fau-
nal composition. The interval GI11 to GI5 coincided with the extinction
of Homo neanderthalensis and the spread of Homo sapiens in Europe
(Johnson, 2002; Van Andel and Davies, 2003; Mellars, 2004; Manzi,
2011). However, the Mammoth Steppe fauna remained unaltered
after the arrival of anatomically modern humans until the beginning
of the Last Glacial Maximum, when these megaherbivores vanished
(von Koenigswald, 2006).
Eight late Pleistocene doline inﬁllings were excavated along
the Transjurane highway in Ajoie, near Porrentruy (Canton Jura, NW
Switzerland). Skeletal remains of late Pleistocene mammals were
found in fossiliferous layers alongside with gastropods and charcoal.
Radiocarbon dating of these mammal bones, gastropod shells (Arianta
arbustorum), and charcoal, aswell as OSL (optically stimulated lumines-
cence) analyses of the embedding sediments were performed to con-
strain the timing of doline formation (Becker et al., 2013). Two phases
of doline inﬁllings with late Pleistocene mammal fossils were detected:
a latest Early Glacial ﬁlling phase within the doline from Boncourt-
Grand Combe (GC) and a late Middle Pleniglacial ﬁlling phase within
the seven dolines from Courtedoux-Vâ Tche Tchâ (VTA-SY, -V1, -V2,e compositions of late Pleistocenemammal teeth fromdolines of Ajoie
rg/10.1016/j.yqres.2014.05.004
2 L. Scherler et al. / Quaternary Research xxx (2014) xxx–xxx-V3, -V4, -V6, and -V14). The skeletal remains represent a typical late
Pleistocenemammalian fauna adapted to cold climatewithMammuthus
primigenius (Proboscidea), Equus germanicus and Coelodonta antiquitatis
(Perissodactyla), and Bison priscus (Artiodactyla). Forty-six teeth of
these large mammals were analysed for their enamel carbon (δ13C)
and oxygen (δ18OCO3 and δ18OPO4) isotopic compositions in order to
characterise the paleodiet of these megaherbivores and to reconstruct
the paleoclimatic and paleoenvironmental conditions in Ajoie during
the mild periods of the latest Early Glacial and the late Middle
Pleniglacial.
Geological setting and age of the dolines
The Ajoie region is located in NW Switzerland and belongs to the
Tabular Jura (Fig. 1). Boarded northwards by the Sundgau plain (the
southern extension of the Rhine Graben) and southwards by the Folded
Jura, it was affected ﬁrst by the Oligocene E–Wextension phase that led
to the opening of the Rhine and Bresse Grabens, then by the N–S com-
pression phase that erected the Jura Mountains during the terminal
Miocene. The Bure Plateau, on which the investigated dolines are
situated, forms a vast horst located in Western Ajoie. It is characterised
by a classical karstic geomorphology of the Kimmeridgian calcareous
basement inherited from the late Pleistocene periglacial context. This
landscape is essentially formed by dry valleys and dolines clogged by
Pleniglacial to Late Glacial ﬂuvial gravels and loess (e.g., Braillard,
2006; Becker et al., 2009). Regarding the local Quaternary record
(Fig. 2), a reference stratigraphy of the Late Pleistocene and the
Holocene was established with the Mousterian site of Alle-Noir Bois
(Aubry et al., 2000). Recently, Braillard (2006, 2009) determined the
local chrono-lithostratigraphic sequence on the base of the Quaternary
deposits within the dry valleys, allowing good correlations with the5 km
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Figure 1. Geographical and geological setting of the doline inﬁllings from Boncourt-Grand Com
Becker et al., 2013).
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et al., 2001). In contrast, the sediments of the Ajoie doline inﬁllings are
highly disturbed, mainly due to continuous interactions between depo-
sition, transport, and erosion. The doline inﬁllings of GC andVTA formed
in a dry valley (oriented NNW–SSE) that cut the Kimmeridgian
limestones and marls of the Reuchenette Formation (Gygi, 2000). As
illustrated in Figure 2, the sedimentary sequence recorded within
these dolines can be subdivided in eight chrono-lithostratigraphic
units (D8–1), following an analogous nomenclature to that already pro-
posed for this region (e.g., Aubry et al., 2000; Guélat, 2005; Braillard,
2009). The base of the inﬁlling sequence, which is not always preserved,
is constituted by loessic lenses trappedwithin a clayeymatrix of gravels
(D8). Most of the inﬁllings are formed by gravel and loessic deposits,
products of soliﬂuction, debris ﬂows, and sediment runoff (D7–5).
Silty colluvium (D4), probably of loessic origin, can also be preserved
at the top of the sequence, which is covered by Holocene humus-
bearing deposits (D3–1).
Allmammal teeth analysed in this study, from the single doline of GC
and from the seven inﬁllings of VTA, were collected in loessic beds of
gravels that correspond to the chrono-lithostratigraphic units D8 and
D6, respectively. Based on four OSL analyses made on the sediment of
the VTA-V6, -SY, and GC dolines, the unit D8 is dated to the interval
121.3 to 67.0 ka (Early Glacial; Table 1). However, if the sediment
strictly associated to themammalian remains of GC is solely considered,
the OSL analyses yield an age of 78.0 ± 11.0 ka (latest Early Glacial).
Radiocarbon analyses made on shells (A. arbustorum var. alpicola;
Becker et al., 2013), charcoal and one mammoth bone from the unit
D6 of the VTA dolines yield a lateMiddle Pleniglacial age, corresponding
to the chronostratigraphic interval 44.0 to 34.5 cal ka BP (Table 2),
whereas the OSL dating covers the interval 51.3 to 27.4 ka (Table 1).
Radiocarbon dating of a M. primigenius bone from VTA-SY gave aben
Basel
Forêt-NoireBlack Forest
Switzerland
  F
ran
ce  
          Germany
Hercynian basement
the Pleniglacial
s during the Pleniglacial
-SY, -V1, -V2, -V3, -V4, -V6, -V14)
7.5°
be (GC) and Courtedoux-Vâ Tche Tchâ (VTA) in Ajoie (NW Switzerland; modiﬁed from
e compositions of late Pleistocenemammal teeth fromdolines of Ajoie
rg/10.1016/j.yqres.2014.05.004
Chronostratigraphy Doline fillings of GC and VTA(Becker et al., 2013)MIS
1
2
3
4
5
a
b
c
d
11,7
27
19
60
71
115
Forested or agricultural
horizon
Brown, humus-bearing
and carbonized colluvions,
and humus bearing
protohistoric soils
Silty and argillous affected
by pedogenesis
Soliflucted calcareous
gravel
with lœssic matrix
Run down and
frost-structured lœss
Soliflucted calcareous
gravel with lœssic matrix
Soliflucted calcareous gravel
with lœssic matrix and lenses
of brown and carbonized lœss
Weathered mottled-gravel
with lenses of 
argillous lœss 
D1
D6
D7
D8
D5
D4
D2/3
Post-Glacial
Late Glacial
Late
Pleniglacial
Middle
Pleniglacial
Early
Pleniglacial
Early Glacial
H
ol
oc
en
e
La
te
 P
le
is
to
ce
ne
W
ei
ch
se
lia
n 
(W
ür
m
)
ka
Finni Glacial
Figure 2. Synthetic chrono- and lithostratigraphy of the late Pleistocene and Holocene
deposits recorded in Ajoie (NW Switzerland; modiﬁed from Becker et al., 2013);
chronostratigraphy according to Haq (2007); Marine Oxygen Isotope Stage (MIS) accord-
ing to Bassinot et al. (1994), except for MIS3, which is according to Svensson et al. (2006)
and Van Meerbeeck et al. (2009). GC: doline of Boncourt-Grand Combe; VTA: dolines of
Courtedoux-Vâ Tche Tchâ; grey areas: occurrence of mammal remains.
3L. Scherler et al. / Quaternary Research xxx (2014) xxx–xxxcalibrated age of 36.5 ± 1.5 cal ka BP (Table 2). Based on these results,
we assume a latest Early Glacial age (~80 ka) for the analysed mammal
specimens of the GC doline ﬁlling, and a late Middle Pleniglacial age
(51–27 ka) for those from VTA.
Carbon and oxygen stable isotopes as proxies for diet and climate
Carbon and oxygen isotopes of mammalian skeletal bioapatite
are well-established proxies for the reconstruction of paleodiets and
paleoenvironmental conditions (e.g., Koch, 1998, 2007; Kohn and
Cerling, 2002). Carbon isotopes in the carbonate moiety of bioapatite
of herbivores are related to the δ13C values of the ingested plants.
These are mainly controlled by the photosynthetic pathway, but can
be additionally inﬂuenced by environmental factors such as humidity
and vegetation density (O'Leary, 1988; Farquhar et al., 1989; Van derTable 1
OSL ages (ka) for the doline ﬁllings of Boncourt-Grand Combe (GC) and Courtedoux-Vâ
Tche Tchâ (VTA).
Doline Laboratory number OSL age (ka) Unit MIS
VTA-SY C-L1051 33.2 ± 5.8 D6 3
VTA-V6 L2196 38.3 ± 7.0 D6 3
VTA-V14 L2190 38.6 ± 7.1 D6 3
VTA-V2 L2198 42.8 ± 5.5 D6 3
VTA-V6 L2194 42.9 ± 5.3 D6 3
VTA-V6 L2195 44.3 ± 7.0 D6 3
VTA-V14 L2189 50.9 ± 6.4 D7 3
VTA-SY C-L1049 64.9 ± 20.1 D7 3
GC C-L1397 65.0 ± 9.0 D7 4
GC C-L1398 78.0 ± 11.0 D8 5a
VTA-V6 L2192 82.5 ± 11.9 D8 5a
VTA-V6 L2191 93.7 ± 14.2 D8 5b
VTA-SY C-L1050 100.6 ± 20.7 D8 5c
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pathways are the Calvin cycle (or C3 pathway; used by trees, shrubs,
herbs, and cool-season grasses and sedges) and the Hatch–Slack cycle
(or C4 pathway; used by warm-season grasses and sedges). Their
respective δ13C values range from−35 to−23‰ for the C3 plants and
from −14 to −10‰ for the C4 plants (e.g., O'Leary, 1988; Farquhar
et al., 1989). Herbivorous mammals record the δ13C values of ingested
plants in their tissues (tooth enamel, bone collagen, hair, etc.) with a
speciﬁc isotopic shift of 14.1 ± 0.5‰ for tooth enamel of large ungulate
mammals (Cerling and Harris, 1999). Today, pure C3-plant feeders will
have tooth enamel δ13C values lower than−8‰ with average values
of around−12.5‰, whereas C4-plant feederswill provide values higher
than 0‰ (e.g., Cerling et al., 1997; Koch, 1998). Additionally, tooth
enamel δ13C values within a pure C3-plant ecosystem may highlight
niche partitioning or characterise the vegetation cover (e.g., Cerling
et al., 2004; Feranec and MacFadden, 2006; Feranec, 2007; Tütken and
Vennemann, 2009).
The phosphate δ18O values (δ18OPO4) of biogenic bone or tooth apa-
tite of vertebrates are preferentially used for reconstructing terrestrial
paleoclimatic conditions (e.g., Longinelli, 1984; Bryant et al., 1996;
Fricke and O'Neil, 1996; Fricke et al., 1998). This is because the δ18O
value of the body water pool is determined by the oxygen inputs in
the body, such as liquid water, atmospheric O2, and oxygen in food
(e.g., Bryant and Froelich, 1995; Kohn, 1996). Due to constant mamma-
lian body temperatures, and thus a constant oxygen isotope fraction-
ation, δ18O values of environmental water, body water, and skeletal
apatite of bones and teeth of mammals are linearly related and oxygen
isotopic composition of body water reﬂects that of meteoric water
ingested by the animals (Longinelli, 1984). The δ18OH2O values of
meteoric water are controlled by fractionation processes during the
atmospheric water cycle and water vapour transport, and, especially
atmid- and high-latitudes, air temperature and humidity during precip-
itation are the major controlling factors (Dansgaard, 1964; Rozanski
et al., 1993; Fricke and O'Neil, 1999). Bioapatite δ18O values of
water-dependent, obligate drinking mammals record best meteoric
water values and, hence, climatic conditions (Longinelli, 1984; Kohn,
1996; Levin et al., 2006).
Material and methods
Fossil mammal teeth
Forty-six teeth of large mammals from eight doline inﬁllings of the
Ajoie area (Fig. 1) were sampled for stable isotope analysis. One doline
is located in Boncourt-Grand Combe (GC; unit D8, ~80 ka) and the
seven others in Courtedoux-Vâ Tche Tchâ (VTA-SY, -V1, -V2, -V3, -V4,
-V6, and -V14; unit D6, 51–27 ka). Eight teeth come from GC and 38
from VTA (Table 3). Enamel samples were taken from ten teeth of
M. primigenius (Elephantidae), seventeen of E. germanicus (Equidae),
eleven of C. antiquitatis (Rhinocerotidae), and eight of B. priscus
(Bovidae), determined by Rothen et al. (2011), Savoy et al. (2012) and
DB and LS (pers. obs.). None of these isolated and/or fragmentary
teeth could be associated, so each fossil probably belonged to a different
individual. They are housed in the Musée jurassien des sciences
naturelles (MJSN; Porrentruy, Switzerland).
Analytical methods for stable isotopes
Tooth enamel was sampled using a diamond-studded microdrill
of 0.8 mm diameter and 10 mg of powder were removed drilling a
single transect along the direction of growth of the crown, comprising
50–90% of crown height for most teeth (Table 3). Enamel was ﬁrst
pre-cleaned and then carefully sampled avoiding any dentine contami-
nation. All analysed powders were white and no traces of leaching
or root marks were observed on the fossils. The enamel powders were
pre-treated with 2% NaOCl and 0.1 M acetic acid according to thee compositions of late Pleistocenemammal teeth fromdolines of Ajoie
rg/10.1016/j.yqres.2014.05.004
Table 2
Radiocarbon (14C ka BP) and calibrated ages (cal ka BP) for the doline ﬁllings of Courtedoux-Vâ Tche Tchâ (VTA). Calibrated ages according to http://www.calpal-online.de.
Doline Laboratory number 14C age (14C ka BP) Calibr. age (cal ka BP) Unit MIS
VTA-SY Ua-16438 (bone) 31.595 ± 1.335 34.5–37.5 D6 3
VTA-V1 Ua-36664 (charcoal) 33.360 ± 1.120 36.5–39.0 D6 3
VTA-V2 Ua-33122 (shell) 33.045 ± 0.830 37.0–39.5 D6 3
VTA-V1 Ua-36668 (shell) 37.015 ± 1.360 40.0–43.0 D6 3
VTA-V2 Ua-33123 (shell) 37.890 ± 1.515 41.0–44.0 D6 3
4 L. Scherler et al. / Quaternary Research xxx (2014) xxx–xxxmethod established by Koch et al. (1997) for analysing the structural
carbonate and phosphate of the apatite. Around 1.5 mg pre-treated
powder was analysed using a ThermoFinnigan Gasbench II coupled to
a Finnigan Delta Plus XL continuous-ﬂow isotope ratio gas mass
spectrometer in the stable isotope laboratory of the University of
Tübingen (Germany), for the carbon (δ13C) and oxygen (δ18OCO3)
isotopic composition of the structural carbonate in the apatite with a
precision of better than ±0.1‰ and 0.17‰, respectively. For δ18OPO4
analyses, 4 mg aliquots of the pre-treated enamel powder were dis-
solved in 2 M HF and after neutralisation with 25% ammonia solution,
the PO43− ions were rapidly precipitated as Ag3PO4 by the addition of
2 N silver nitrate solution according to the protocol established by
Tütken et al. (2006). Around 500 μg of Ag3PO4 were weighted in silver
capsules and analysed in triplicate using a ThermoFinnigan TC/EA
coupled to a Finnigan Delta Plus XL continuous-ﬂow isotope ratio gas
mass spectrometer with a precision of better than ±0.3‰, in the same
laboratory.
Isotopic compositions are expressed in the delta notation and
reported as ‰-deviation relative to the Vienna Peedee belemnite
(VPDB) scale for the δ13C and δ18OCO3 values, and relative to the Vienna
StandardMeanOceanWater (VSMOW) scale for the δ18OPO4 values. The
δ18OCO3 VPDB values were recalculated to the VSMOW scale using the
equation: δ18OVSMOW = 1.03091 × δ18OVPDB + 30.91 (Coplen et al.,
1983). For quality control, the international phosphate standard NIST
SRM 120c was analysed with the same protocol yielding δ18OCO3
and δ13C values of −6.31 ± 0.04‰ and −1.79 ± 0.17‰ (n = 4),
respectively, and a δ18OPO4 value of 21.4 ± 0.1‰ (n = 3).
Results
The results of the carbon (δ13C) and oxygen (δ18OCO3 and δ18OPO4)
isotopic compositions of tooth enamel of the megaherbivores from
VTA and GC are given in Table 3, along with the calculated δ18OH2O
values and paleotemperatures (in °C). Table 4 synthesises the mean
values for each taxon. Figure 3A–D illustrates the δ13C and δ18OPO4
values of the four different taxa from both time period (GC, ~80 ka,
and VTA, 51–27 ka).
δ13C VPDB values
The δ13C values of all analysed teeth from the doline of GC average
−11.5 ± 0.6‰ (n = 8), with the lowest δ13C value for the single
tooth ofM. primigenius (−12.6‰) and the highest for the single tooth
of B. priscus (−10.5‰).
The mean δ13C value of the analysed teeth from the seven doline
inﬁllings of VTA is −11.6 ± 0.9‰ (n = 38), which is similar to the
mean value from the GC specimens. The lowest intra-speciﬁc mean is
displayed by the mammoths (−12.1 ± 0.4‰, n = 9), but the lowest
δ13C value is recorded in an M1 of B. priscus (−14.5‰). The highest
mean value is displayed by the rhinoceroses (−11.2 ± 0.3‰, n = 7),
and the highest δ13C value is recorded in a fragmentary tooth of
E. germanicus (−9.2‰). Concerning the intra-speciﬁc variation, the
bison teeth display the highest standard deviation (1.5‰, n = 7) and
the rhinoceroses the lowest (0.3‰, n = 7).Please cite this article as: Scherler, L., et al., Carbon and oxygen stable isotop
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The δ18OCO3 VSMOW and δ18OPO4 VSMOW values seem to be in isotopic
equilibrium for themajority of enamel samples (Fig. 4), asmost of them
plot in the prediction interval expected for modern vertebrates
(Pellegrini et al., 2011). However, three enamel samples seem to be
diagenetically altered, as they plot well below the equilibrium range
towards higher δ18OCO3 values. For this reason, the results of the
δ18OCO3 values are only given in the database (Table 3) and only the
δ18OPO4 values are discussed.
The δ18OPO4 values of all analysed teeth from the doline of GC aver-
age 13.6 ± 1.1‰ (n = 8), with the lowest δ18OPO4 value for a horse
M2 (11.9‰) and the highest for the single bison upper molar (14.8‰).
The mean δ18OPO4 value of the analysed teeth from the inﬁllings of
VTA averages 13.5 ± 1.1‰ (n = 38), which is similar to the mean
from GC. The lowest intra-speciﬁc mean is displayed by the horses
(13.1 ± 0.9‰, n = 15), the highest mean by the bison (14.4 ± 1.2‰,
n = 7). The lowest and highest δ18OPO4 values are recorded in a rhino
P2 (10.9‰) and a bison uppermolar (16.3‰), respectively. Additionally,
the rhinos show the highest standard deviation (1.3‰, n = 7) and the
horses and mammoths the lowest (0.86‰, n = 15 and 0.88‰, n = 9,
respectively).Discussion
Carbon isotopic composition
The seven dolines from Vâ Tche Tchâ are of similar age and lie very
close to each other (within 500 m of maximal distance; Fig. 1). There-
fore, the fauna of the fossil-bearing sediments should be more or less
sympatric and the sampled enamel of megaherbivores is expected to
display similar isotopic compositions. The mean enamel δ13C values
for the older fauna of Grand Combe (−11.5± 0.6‰, n=8) are indistin-
guishable from those of VTA (−11.6 ± 0.9‰, n = 38). These δ13C
values indicate that the megaherbivores fed exclusively on a C3-plant
diet. Since δ13C values of C3 plants can be signiﬁcantly inﬂuenced by
environmental factors (Heaton, 1999; Diefendorf et al., 2010; Kohn,
2010), the environmental and climatic conditions were probably not
very different during both time intervals. A relatively humid and open
landscape partially covered by bushes, shrubs and trees developed
under temperate climatic conditions (Becker et al., 2009, 2013). This
mosaic or tundra-steppe habitat was conﬁrmed by the presence of the
northern birch mice (Oppliger and Becker, 2010).
The megaherbivores of the VTA doline inﬁllings show small
inter-speciﬁc variations in their carbon isotopic compositions
(Fig. 3C). These subtle isotopic distinctions may though reﬂect a certain
niche partitioning within this C3-plant ecosystem in the surrounding of
the dolines, or may be due to discrepancies in digestive physiology or
feeding behaviour. Indeed, bovids are foregut fermenters in contrast to
rhinoceroses, horses, and mammoths, which are hindgut fermenters.
Foregut fermenters usually produce and loose a larger fraction of
isotopically light, 13C-depleted methane during digestion (Passey
et al., 2005). This implies that cows have a larger carbon isotope frac-
tionation factor (14.6‰) between diet and skeletal apatite than hindgute compositions of late Pleistocenemammal teeth fromdolines of Ajoie
rg/10.1016/j.yqres.2014.05.004
Table 3
Carbon (δ13C) and oxygen (δ18OCO3 and δ18OPO4) isotopic values of the analysed tooth enamel from the megaherbivores of Boncourt-Grand Combe (GC) and Courtedoux-Vâ Tche Tchâ (VTA), along with the calculated δ18OH2O values and estimated
paleotemperatures (T°C). *shows the calculated δ18OH2O values based on the general calibration equation for mammals as comparison, with the associated calculated temperatures (**); values are shown in italics. Note that there is currently no
species-speciﬁc calibration equation for rhinoceroses. Anatomical abbreviations of the teeth: d/D, lower/upper deciduous tooth; p/P, lower/upper premolar; m/M, lower upper molar.
Chemical number Doline Age (ka) Tooth Crown height
(mm)
Sampling height
(mm)
Crown
sampled (%)
δ13C VPDB
(‰)
σ δ18OCO3
VPDB (‰)
σ δ18OCO3
VSMOW (‰)
δ18OPO4
VSMOW (‰)
σ Wt%
CaCO3
n δ8OH2O
(‰)
* T
(°C)
**
Mammuthus primigenius
FT Ma SY/99 1 VTA SY 51–27 m2 – 27.0 – −11.7 0.08 −9.0 0.09 21.6 11.6 0.3 6.4 1 −12.45 −13.56 3.96 1.42
FT Ma VTA/6 1 VTA V2 51–27 m1 71.0 45.0 63.38 −11.6 0.07 −8.7 0.06 21.9 13.7 0.3 6.8 2 −10.21 −11.23 9.04 6.72
FT Ma VTA/6 2 VTA V2 51–27 m3? 90.0 70.0 77.78 −12.0 0.03 −9.3 0.09 21.4 13.2 0.3 7.7 2 −10.74 −11.79 7.83 5.46
FT Ma VTA/6 3 VTA V2 51–27 m1 – – – −12.5 0.08 −7.8 0.09 22.9 13.8 0.3 5.4 2 −10.11 −11.12 9.28 6.97
FT Mm VTA/06 3 VTA V2 51–27 – 49.0 26.0 53.06 −12.5 0.13 −7.2 0.17 23.5 14.8 0.0 5.0 2 −9.04 −10.01 11.70 9.50
FT Mm VTA/06 4 VTA V2 51–27 d/D4? 95.0 20.0 21.05 −12.2 0.13 −7.4 0.13 23.3 14.1 0.3 4.7 1 −9.79 −10.79 10.01 7.73
FT Mm VTA/06 5 VTA V2 51–27 M1 91.0 76.0 83.52 −12.0 0.04 −7.9 0.07 22.8 13.7 0.3 6.8 2 −10.21 −11.23 9.04 6.72
FT Mm VTA/06 6 VTA V2 51–27 M2 102.0 13.0 12.75 −12.9 0.14 −8.6 0.21 22.0 13.7 0.0 5.1 2 −10.21 −11.23 9.04 6.72
FT Mm CTD/99 3 VTA V4 51–27 – 61.0 – – −11.7 0.16 −6.7 0.30 24.0 14.1 0.1 0.6 2 −9.79 −10.79 10.01 7.73
FT Mm BON/02 8 GC ~80 m2 27.0 11.0 40.74 −12.6 0.08 −7.1 0.06 23.6 14.7 0.3 4.2 1 −9.15 −10.12 11.46 9.24
Equus germanicus
FT Eq CTD/00 1 VTA SY 51–27 p/m 51.0 43.0 84.31 −11.7 0.09 −7.2 0.13 23.5 14.9 0.1 5.0 2 −10.00 −9.90 9.52 9.75
FT Eq CTD/00 2 VTA SY 51–27 p4? 62.0 33.0 53.23 −13.1 0.06 −7.5 0.16 23.2 13.4 0.5 4.2 2 −11.95 −11.57 5.10 5.96
FT Eq VTA/06 1 VTA V2 51–27 – – 25.0 – −11.4 0.05 −8.6 0.11 22.1 13.2 0.1 4.6 2 −12.21 −11.79 4.51 5.46
FT Ma VTA/6 4 VTA V2 51–27 p2 56.0 39.0 69.64 −12.4 0.02 −9.6 0.03 21.0 13.6 0.3 7.4 2 −11.69 −11.34 5.69 6.47
FT Eq CTD/99 1 VTA V3 51–27 – 52.0 32.0 61.54 −12.4 0.06 −7.4 0.05 23.2 13.4 0.2 6.1 2 −11.95 −11.57 5.10 5.96
FT Eq CTD/99 2 VTA V3 51–27 d4 36.0 21.0 58.33 −12.6 0.07 −7.5 0.08 23.1 11.3 0.3 5.0 1 −14.68 −13.90 −1.10 0.67
FT Eq VTA/07 1 VTA V6 51–27 m3 67.0 37.0 55.22 −11.9 0.06 −9.2 0.13 21.5 12.7 0.3 5.8 1 −12.86 −12.34 3.03 4.20
FT Eq VTA/07 2 VTA V6 51–27 – 35.0 24.0 68.57 −11.8 0.12 −6.9 0.10 23.8 14.4 0.3 4.6 1 −10.65 −10.46 8.05 8.49
FT Eq VTA/07 3 VTA V6 51–27 P2 63.0 32.0 50.79 −11.7 0.11 −8.8 0.11 21.8 12.2 0.3 5.4 1 −13.51 −12.90 1.55 2.94
FT Eq VTA/07 4 VTA V6 51–27 – 32.0 19.0 59.38 −11.9 0.10 −8.4 0.12 22.2 13.2 0.3 4.7 1 −12.21 −11.79 4.51 5.46
FT Eq VTA/07 6 VTA V6 51–27 M1/2 24.0 12.0 50.00 −10.7 0.08 −8.6 0.12 22.0 13.0 0.3 5.4 1 −12.47 −12.01 3.91 4.95
FT Eq VTA/07 7 VTA V6 51–27 P3/4 53.0 38.0 71.70 −11.6 0.06 −8.4 0.08 22.3 13.4 0.3 4.6 1 −11.95 −11.57 5.10 5.96
FT Eq VTA/7 1 VTA V6 51–27 P/M 23.0 – – −9.2 0.14 −4.8 0.11 26.0 12.4 0.3 1.7 2 −13.25 −12.68 2.14 3.44
FT Eq VTA/07 5 VTA V14 51–27 M3 60.0 – – −11.6 0.07 −9.1 0.05 21.5 12.8 0.3 4.8 1 −12.73 −12.23 3.32 4.45
FT Eq VTA/07 8 VTA V14 51–27 P3/4 61.0 47.0 77.05 −11.0 0.14 −7.6 0.13 23.1 13.6 0.3 3.3 1 −11.69 −11.34 5.69 6.47
FT Eq BON/02 1 GC ~80 P2? 34.0 24.0 70.59 −11.7 0.06 −8.7 0.09 21.9 12.9 0.1 3.8 2 −12.60 −12.12 3.62 4.70
FT Eq BON/02 2 GC ~80 M1/2 38.0 20.0 52.63 −11.6 0.07 −8.8 0.11 21.8 11.9 0.3 5.5 2 −13.90 −13.23 0.67 2.18
Coelodonta antiquitatis
FT Rh CTD/00 3 VTA SY 51–27 M2 58.0 51.0 87.93 −11.1 0.13 −7.7 0.12 22.9 12.9 0.3 3.0 1 – −12.12 – 4.70
FT Rh CTD/00 4 VTA SY 51–27 P2 42.0 22.0 52.38 −11.6 0.05 −8.8 0.15 21.9 13.0 0.2 5.2 2 – −12.01 – 4.95
FT Ma VTA/7 2 VTA V14 51–27 P2 33.0 29.0 87.88 −11.3 0.06 −7.5 0.10 23.1 13.9 0.3 3.4 2 – −11.01 – 7.23
FT Ma VTA/7 3 VTA V14 51–27 P2 32.0 21.0 65.63 −11.0 0.06 −7.5 0.09 23.2 10.9 0.3 3.5 2 – −14.34 – −0.34
FT Ma VTA/7 4 VTA V14 51–27 D3 23.0 – – −10.8 0.04 −7.2 0.06 23.4 14.5 0.3 3.6 2 – −10.35 – 8.74
FT Ma VTA/7 5 VTA V14 51–27 M2 59.0 49.0 83.05 −11.3 0.11 −7.3 0.07 23.4 14.8 0.3 3.8 2 – −10.01 – 9.50
FT Rh VTA/07 14 VTA V14 51–27 M3 49.0 – – −11.3 0.11 −7.0 0.10 23.7 13.3 0.3 4.1 1 – −11.68 – 5.71
FT Rh BON/02 4 GC ~80 M2 56.0 44.0 78.57 −11.6 0.10 −7.3 0.09 23.4 13.1 0.2 4.9 2 – −11.90 – 5.21
FT Rh BON/02 5 GC ~80 M2 56.0 36.0 64.29 −11.3 0.10 −6.6 0.09 24.1 14.5 0.2 4.5 2 – −10.35 – 8.74
FT Rh BON/02 6 GC ~80 P4? 46.0 41.0 89.13 −11.6 0.09 −7.8 0.12 22.9 14.2 0.0 7.5 2 – −10.68 – 7.98
FT Rh BON/02 7 GC ~80 M 41.0 23.0 56.10 −11.3 0.09 −6.9 0.09 23.7 13.0 0.1 6.6 2 – −12.01 – 4.95
Bison priscus
FT Ma VTA/6 5 VTA V1 51–27 M1 14.0 11.0 78.57 −14.5 0.04 −8.3 0.08 22.3 13.4 0.3 3.6 2 −11.39 −11.57 6.37 5.96
FT Bi VTA/06 2 VTA V2 51–27 – 37.0 22.0 59.46 −11.0 0.08 −6.1 0.11 24.6 14.5 0.6 5.7 2 −10.09 −10.35 9.32 8.74
FT Ma VTA/6 6 VTA V2 51–27 M2/3 35.0 21.0 60.00 −10.8 0.05 −6.5 0.09 24.2 15.7 0.3 5.8 2 −8.67 −9.01 12.54 11.77
FT Bi VTA/07 12 VTA V6 51–27 m2 46.0 39.0 84.78 −10.1 0.08 −8.0 0.09 22.7 13.4 0.3 4.4 1 −11.39 −11.57 6.37 5.96
FT Bi VTA/07 13 VTA V6 51–27 m2 52.0 45.0 86.54 −10.4 0.11 −8.3 0.14 22.4 13.2 0.3 4.1 1 −11.62 −11.79 5.83 5.46
FT Ma VTA/7 7 VTA V6 51–27 M2 48.0 31.0 64.58 −10.8 0.07 −7.7 0.09 23.0 14.0 0.3 4.0 2 −10.68 −10.90 7.98 7.48
FT Ma VTA/7 8 VTA V6 51–27 M2/3 49.0 32.0 65.31 −12.4 0.04 −6.6 0.08 24.1 16.3 0.3 5.6 2 −7.97 −8.35 14.15 13.28
FT Bi BON/02 3 GC ~80 M1/2 11.0 9.0 81.82 −10.5 0.08 −8.1 0.06 22.5 14.8 0.3 5.9 2 −9.74 −10.01 10.12 9.50 5
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Please cite this article as: Scherler, L., et al., Carbon and oxygen stable isotop
(Northwestern Switzerland), Quaternary Research (2014), http://dx.doi.ofermenters (13.3‰) raised on an isotopically similar diet (Passey et al.,
2005). If the fractionation factor of cows also applies to bison, their
teeth should have slightly higher enamel δ13C values than those of the
sympatric hindgut fermenters, if they fed on plants with similar carbon
isotopic composition. Bison are hypergrazers (Hoppe, 2006), and the
enamel δ13C values indicate that they fed on C3 grasses with δ13C values
of around−25.5‰ in Ajoie. This is in agreement with the fact that C4
grasses never reached Central and Northern Europe due to climatic
and ecological reasons (e.g., Cerling et al., 1997). The other taxa were
also predominantly grazers, and even though their tooth enamel dis-
plays lower δ13C values than bison, they ingested plants with similar
or slightly higher δ13C values of around −25.5 to −24.5‰, applying
the bioapatite-diet isotope enrichment of 13.3‰ for extant large hind-
gut fermenters (Passey et al., 2005).
Mammuthus primigenius particularly shows the lowest mean δ13C
value of all taxa, despite its similar digestive physiology and diet as
those of woolly rhinoceroses and horses (hindgut fermenters). Accord-
ing to different studies onmammoth's stomach contents, tree barks and
twigs probably constituted a small but signiﬁcant part of their winter
diet (e.g., Vereschagin and Baryshnikov, 1982; Van Geel et al., 2008,
2010). Such lignin rich plant parts have lower δ13C values and may
explain the low mean enamel value of the mammoths, even though
they predominantly ate grasses and herbs.
Oxygen isotopic composition (δ18OPO4)
In both time periods (GC and VTA), themegaherbivore teeth display
similar mean 18OPO4 values of around 13.5‰ with a total range of 3‰
and 5‰, respectively (Fig. 3B and D; Table 3). Such a variability is not
unusual for terrestrial mammals, it may be explained by the variability
of water sources (e.g., due to animal migration, seasonality of meteoric
water δ18O values, intake from food plants; Clementz et al., 2006). Addi-
tional time averaging in the doline inﬁllings, comprising mammal
remains from different climatic phases might have contributed to the
variability of δ18OPO4 values.
Terrestrial paleoclimatic reconstructions based on δ18OPO4 values
have been attempted by many studies (e.g., Longinelli, 1984; Sharp
and Cerling, 1998; Tütken et al., 2007; García-Alix et al., 2012). Assum-
ing that similar water sources were ingested by animals of the same
species in the same area, then the precipitation of apatite in teeth and
bones should have occurred under the same conditions, and there is
thus a linear relationship between the δ18O values recorded in tooth
enamel and those of the meteoric water (δ18OH2O; Longinelli, 1984). In
turn, the δ18OH2O values are related with temperature and precipitation
(e.g., Luz et al., 1990; Ayliffe et al., 1992). The δ18OH2O values were cal-
culated from the δ18OPO4 values using species-speciﬁc calibrations
established for modern taxa of the studied extinct mammals, assuming
that the modern analogues have similar metabolism and isotopic frac-
tionation to the extinct ones (Eq. (1) for elephants, Ayliffe et al., 1992;
Eq. (2) for horses, Delgado Huertas et al., 1995; Eq. (3) for bison,
Hoppe, 2006). Only for C. antiquitatis, the general equation formammals
was used (Eq. (4), Amiot et al., 2004), as no species-speciﬁc equation is
available yet.
Elephant; δ18OH2O ¼ 1:06  δ18OPO4−24:78: ð1Þ
Equus; δ18OH2O ¼ 1:30  δ18OPO4−29:35: ð2Þ
Bison; δ18OH2O ¼ 1:18  δ18OPO4−27:2: ð3Þ
All mammals; δ18OH2O ¼ 1:11  δ18OPO4−26:44: ð4Þ
In turn, the mean annual air temperature (MAT) can be estimated
according to a relation established for Switzerland between present-e compositions of late Pleistocenemammal teeth fromdolines of Ajoie
rg/10.1016/j.yqres.2014.05.004
-15 -14 -13 -12 -11 -10 -9 -8
13
C VPDB
Mammoth
Horse
Rhinoceros
Bison
181716151413121110
18
OPO 4  VSMOW
Mammoth
Horse
Rhinoceros
Bison
-15 -14 -13 -12 -11 -10 -9 -8
13
C VPDB
Mammoth
Horse
Rhinoceros
Bison
181716151413121110
18
OPO 4  VSMOW
Mammoth
Horse
Rhinoceros
Bison
Boncourt GC
(~80 ka)
Courtedoux VTA
(51-27 ka)
Courtedoux VTA
(51-27 ka)
Boncourt GC
(~80 ka)
A
B
C
D
Figure 3. Carbon (δ13C) and oxygen (δ18OPO4) isotopic compositions of tooth enamel of themegaherbivores [Mammuthus primigenius (mammoth), Equus germanicus (horse), Coelodonta
antiquitatis (rhinoceros), Bison priscus (bison)] from Ajoie. A and B, results from the doline of Boncourt-Grand Combe; C and D, results from the dolines of Courtedoux-Vâ Tche Tchâ.
Smaller black symbols and error bars: mean and standard deviation for each species. Anatomical determinations of the teeth according to Rothen et al. (2011), Savoy et al. (2012), and
DB and LS (pers. obs.).
7L. Scherler et al. / Quaternary Research xxx (2014) xxx–xxxday precipitation δ18OH2O values and air temperature (Eq. (5); Tütken
et al., 2007):
MAT½∘C ¼ ðδ18OH2O þ 14:19Þ :: 0:44: ð5Þ
As stated by Tütken et al. (2007), the δ18OH2O values of
M. primigenius are a reliable proxy for estimating paleotemperatures,
as large, obligate drinking mammals with low metabolism reﬂect envi-
ronmental values accurately (e.g., Bryant and Froelich, 1995). Themean
δ18OH2O values obtained for mammoths in VTA and the related MAT
average−10.3 ± 0.9‰ and 8.9 ± 2.1°C, respectively. In turn, the MAT
calculated with the whole dataset, including the four mammalian spe-
cies, ranges from 4.4 ± 2.6°C (lowest mean value from E. germanicus)
to 8.9 ± 3.3°C (highest mean values from B. priscus), and yields an
average MAT of 6.5 ± 3.3°C for all mammals. The paleotemperatures
calculated with the general equation for mammals (Eq. (4): Amiot
et al., 2004; columns * and ** of Table 3 and column T(°C)* of Table 4)
give amean value of 6.3± 2.7°C, which is consistent with that obtained
with species-speciﬁc calibrations (Tables 3 and 4). The average
paleotemperature of VTA is similar to that estimated from themammalPlease cite this article as: Scherler, L., et al., Carbon and oxygen stable isotop
(Northwestern Switzerland), Quaternary Research (2014), http://dx.doi.oassemblage of the older doline of GC, averaging 6.6 ± 3.6°C (compared
to a value of 6.5 ± 2.7°C if general equation for mammals is used).
Hence, during MIS5a (~80 ka) and MIS3 (~45 to 35 ka), similar MAT
around 6.5°C prevailed in the Ajoie region.
The Ajoie region in the European climatic context during MIS5a and 3
The continuous pollen sequence for the last 140 ka of theGrande Pile
peat bog (Vosges, NE France) recorded relative temperate climatic
conditions at around 80 ka, corresponding to a latest Early Glacial inter-
stadial, so-called Saint-Germain II (Woillard, 1978). According to
De Beaulieu and Reille (1992) and Van Vliet-Lanoë and Guillocheau
(1995), the chronostratigraphy and the climatic trends of this intersta-
dial correlate to the Odderade interstadial of Northern Europe (GI21;
Blockey et al., 2012). The OSL dating of the sediments from the doline
inﬁlling of GC and the δ18O values of the associated mammals
correspond well to this climatic interval and are thus in agreement
with the OSL-age of the locality (~80 ka).
Figure 5 illustrates estimations of MAT reconstructed from enamel
δ18OPO4 values of mammal teeth from European localities dated to the
late middle-late Pleistocene (from 145 to 16.5 ka), in comparison toe compositions of late Pleistocenemammal teeth fromdolines of Ajoie
rg/10.1016/j.yqres.2014.05.004
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Figure 5. Average MAT [°C] reconstructed from enamel δ18OPO4 values of fossil mammals
from various European, late Pleistocene sites compared to the temperatures calculated for
the dolines of Courtedoux-Vâ Tche Tchâ (6; VTA) and Boncourt-Grand Combe (9; GC). 1:
Mean for Southwest Russia (18.0–16.5 cal ka BP; Arppe and Karhu, 2010); 2: Kraków
Spadzista Street, Poland (~24 cal ka BP; Pryor et al., 2013); 3: mean for South Britain
(34–32 cal ka BP; Arppe and Karhu, 2010); 4: Gigny, level VIII, France (~33 ka; Fabre
et al., 2011); 5: El Padul, Spain (40–30 cal ka BP; García-Alix et al., 2012); 6: mean for
West Germany (50–20 cal ka BP; Arppe and Karhu, 2010); 7: mean for Courtedoux-Vâ
Tche Tchâ, Switzerland (51–27 ka; this study); 8: Niederweningen, Switzerland
(45–40 cal ka BP; Tütken et al., 2007); 9: Hallera, Poland (59–41 ka; Skrzypek et al.,
2011, including values on bones as well); 10: mean for Boncourt-Grand Combe,
Switzerland (~80 ka; this study); 11: Hallera, Polland (115–74 ka; Skrzypek et al., 2011,
including values on bones as well); 12: Coudoulous I, France (~145 ka; Bernard et al.,
2009); 13: Gigny, level XX, France (~145 ka; Fabre et al., 2011). Error bars show the
time spanned by each locality and the paleotemperature range (when available). Interval
GI11 to 5 (glacial interstadials; Pillans and Gibbard, 2012) is highlighted; LGM, Last Glacial
Maximum; MIS, Marine Oxygen Isotope Stages; marine oxygen isotope curve and MIS
according to Martinson et al. (1987).
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Figure 4. Oxygen isotope compositions of the carbonate (δ18OCO3) and phosphate
(δ18OPO4) of the enamel apatite of all mammal teeth from the doline of Boncourt-Grand
Combe and Courtedoux-Vâ Tche Tchâ. The isotopic equilibrium line between carbonate
and phosphate δ18O values is plotted for reference alongwith the 95% conﬁdence interval
and 95% prediction interval calculated by Pellegrini et al. (2011) on modern vertebrates.
White squares: Coelodonta antiquitiatis; white diamonds: Mammuthus primigenius; grey
circles: Bison priscus; grey triangles: Equus germanicus.
8 L. Scherler et al. / Quaternary Research xxx (2014) xxx–xxxthose of the doline inﬁllings of Ajoie (Courtedoux-Vâ Tche Tchâ and
Boncourt-Grand Combe; Fig. 5). According to Fabre et al. (2011), the
middle and late Pleistocene cave of La Baume de Gigny (French Jura,
France) recorded paleotemperatures of around 10 ± 2°C at ~145 ka
(level XXI), which are similar to the 9 ± 3°C obtained by Bernard
et al. (2009) for the contemporaneous locality of Coudoulous I (Lot,
France; Fig. 5,). Fabre et al. (2011) also observed a decrease in temper-
ature reaching 5 to 7°C a few thousand years later; this drop may be
contemporaneous to the older part of the site of Hallera (Poland,
115–74 ka, Fig. 5, Skrzypek et al., 2011) and to GC (~80 ka, Fig. 5),
both of which recorded paleotemperatures between 6.5 and 7°C for
MIS5a.
Paleotemperatures estimated in many European localities dated to
MIS3 show large variations (MAT between 3.5 and 12°C, Fig. 5) in
nearly-contemporaneous sites during this stage lasting around 30 ka.
However, most of the sites during MIS3 recorded average MATs be-
tween 3 and 7°C (South Britain, Arppe and Karhu, 2010; Western
Germany, Arppe and Karhu, 2010; Niederweningen, Switzerland,
Tütken et al., 2007; Hallera, Poland, Skrzypek et al., 2011; Fig. 5), corre-
sponding to the value calculated for VTA (around 6.5 ± 3.3°C; Fig. 5).
The warmest paleotemperatures during MIS3 were recorded in young
sites in the French Jura (Gigny, ~33 ka, Fabre et al., 2011; Fig. 5) and in
Spain (El Padul, 40–30 cal ka BP, García-Alix et al., 2012; Fig. 5) with
MAT of 12 and 10°C, respectively. The large scatter of reconstructed
MAT for MIS3 likely relates to sampling of mammals from different
stadials or interstadials, and probably also from different geographic
and topographic settings.
In their stable isotope study of the mammoths from the peat
deposits of Niederweningen (NE Switzerland), Tütken et al. (2007) esti-
mated a MAT of around 4.3 ± 2.1°C during the time interval ~50 to
45 cal ka BP, based on δ18OPO4 values ranging from 10.3 to 13.9‰
(Fig. 5). This period was slightly older than the whole ﬁlling phase of
the dolines of VTA and may possibly correspond to the Greenland
Stadials/Interstadials 12 to 13 (Blockey et al., 2012). The mammals
from VTA dolines in Ajoie probably lived under somewhat warmer
climatic conditions a few thousand years later, during an interval
(51–27 ka) that likely corresponds to the succession of mild/cold
periods of Charbon, Stadial IV, and Grand Bois of the Grande Pile peat
bog (Woillard, 1978; de Beaulieu and Reille, 1992). This time interval
covers the Greenland Stadials/Interstadials 7 to 12 of the Greenland
ice-core records (Blockey et al., 2012), correlated to the end of theMIS3.Please cite this article as: Scherler, L., et al., Carbon and oxygen stable isotop
(Northwestern Switzerland), Quaternary Research (2014), http://dx.doi.oThe lowest paleotemperatures were recorded in mammalian
bioapatite during the LGM, with sites documented in Southwest
Russia (18.0–16.5 cal ka BP; Arppe and Karhu, 2010; Fig. 5) and
Poland (Kraków Spadzista Street, ~24 cal ka BP; Pryor et al., 2013;
Fig. 5), with MAT values ranging between 0.5°C and 1°C, respectively.
Thus, the doline records of Ajoie ﬁt well in the picture of reconstructed
MAT for the late Pleistocene of Europe. Particularly, the results obtained
for VTA concur with the alternating warm and cold phases recorded
during MIS3.
Finally, the mean δ18OH2O value calculated from the megaherbivore
teeth of Courtedoux-Vâ Tche Tchâ (51–27 ka)ﬁtswell within the spatial
distribution of oxygen isotopic composition of glacial precipitation
(52 to 24 ka) reconstructed by Arppe and Karhu (2010) for Europe
(Fig. 6). For the Ajoie region, enclosed northwards by the Rhine Graben
and southwards by the Swiss Jura Mountains, δ18OH2O values of around
−10‰ were reconstructed based on large mammal teeth prior to the
Last Glacial Maximum (~45 to 35 ka). Our results conﬁrm the western
boundary of the region recording lower mean meteoric water δ18OH2O
values of −12‰, constituted by NE Switzerland, S Germany and NW
Austria (Arppe and Karhu, 2010). This might also contribute to the
difference with the lower values reconstructed by Tütken et al.e compositions of late Pleistocenemammal teeth fromdolines of Ajoie
rg/10.1016/j.yqres.2014.05.004
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Figure 6.Modern (red dashed lines) and past (blue solid lines; 52–24 ka) geographic pat-
terns of oxygen isotopic composition of precipitations according to Arppe and Karhu
(2010), with new data (black star, number 7) averaging −10‰ for the dolines of
Courtedoux-Vâ Tche Tchâ (51–27 ka). Numbers 3, 4, 6, 7, 8 and 9 refer to MIS3 localities
shown in Fig. 5 (according to Tütken et al., 2007; Arppe and Karhu, 2010; Fabre et al.,
2011; Pryor et al., 2013). (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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Niederweningen (NW Switzerland).Conclusion
Stable isotope analyses of enamel frommegaherbivores of theMam-
moth Steppe fauna from eight 14C- and OSL-dated doline inﬁllings from
Boncourt-Grand Combe (GC: ~80 ka) and Courtedoux-Vâ Tche Tchâ
(VTA: 51–27 ka) yield information about the late Pleistocene climate
in NW Switzerland during MIS5a and 3, respectively. Air temperatures
reconstructed from mammalian enamel phosphate oxygen isotope
compositions ﬁt well within recent paleoclimatic models for the late
Pleistocene, conﬁrming previous climatic interpretations based either
on ungulate mammals or on other proxies, such as rodents or pollens.
Enamel δ18OPO4 values of horses, bison, rhinoceroses, and mammoths
indicate that these megaherbivores (from both GC and VTA) lived
during mild periods of the late Pleistocene with MAT of around 6.5°C,
only 2–3°C lower than in the Ajoie region of the Swiss Jura today.
The δ13C values of around −11.5‰ indicate that these
megaherbivores fed in an open C3 plant ecosystem, which is consis-
tent with the tundra-steppe paleoenvironment reconstructed for
the region by Becker et al. (2009, 2013).Acknowledgments
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